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Within a covariant Bethe–Salpeter approach, a relativistic complex separable kernel for the description
of the neutron–proton interaction, is proposed. The uncoupled partial-wave states with total angular
momentum J = 0,1 are considered. The multirank separable potentials elaborated earlier are real-valued
and, therefore, make it possible to describe only the elastic part (phase shifts, low-energy parameters,
etc.) of the neutron–proton scattering. The description of the inelasticity comes out of an imaginary part
introduced into these potentials. To obtain this part the experimental data for the inelasticity parameter
up to the laboratory energy 3 GeV are used. A signal of wide dibaryon resonances in the 3P+0 partial-
wave state is discussed.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction
A consistent description of the neutron–proton (np) system still
remains an unsolved problem. Several relativistic models [1–6]
have been proposed recently. They are based on using some po-
tential describing interactions between the nucleons. Usually those
theories which give quantitatively good results contain some free
parameters. These parameters are found from an analysis of ob-
servables in elastic neutron–proton scattering, namely, phase shifts
and low-energy characteristics. However, it is also important to
take into account the meson and resonance production at high
energies. The role of this inelastic process (inelasticity) increases
with increasing energy in comparison with the elastic np scattering
and consequently – with a number of produced mesons. Unfortu-
nately, it is not possible to describe all inelastic channels within
a meson-exchange theory because of a large quantity of diagrams
to be calculated. The proposed approaches are either purely phe-
nomenological (optical [7] or separable [8] potentials) or consider
only certain resonances and mesons whose total contribution into
the inelasticity is assumed to be leading due to physical reasons
[9–11].
Using the Bethe–Salpeter (BS) [12] equation to describe the NN
interaction is one of the most consistent approaches. In this for-
malism, one has to deal with a system of nontrivial integral equa-
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0370-2693 © 2011 Elsevier B.V. Open access under CC BY license.tions for both the NN scattered states and the bound state – the
deuteron. To solve a system of integral equations, it is convenient
to use a separable ansatz [13] for the interaction kernel in the BS
equation. In this case, one can transform integral equations into
a system of algebraic linear ones which is easy to solve. Parame-
ters of the interaction kernel are found from an analysis of phase
shifts for respective partial-wave states and low-energy parameters
as well as deuteron static properties (bound state energy, magnetic
moment, etc.).
Our previous papers [14,15] have proposed multirank separa-
ble potentials to describe the scattered neutron–proton (np) sys-
tem with total angular momentum J = 0,1 and the bound state
– the deuteron. They have considered various methods of rela-
tivistic generalization of initially nonrelativistic separable functions
parameterizing the interaction kernel. The elaborated potentials al-
low us to describe the experimental data for the phase shifts up
to the laboratory kinetic energy TLab ∼ 3 GeV, static properties of
the deuteron, and the exclusive electron–deuteron breakup in the
plane-wave approximation [14–16].
However, it is well known that an inﬂuence of inelastic chan-
nels related with non-nucleon degrees of freedom (mesons, 
isobars, nucleon excitations, six-quark admixtures, etc.) becomes
signiﬁcant with increasing energy of a nucleon–nucleon system.
An inelasticity parameter which is responsible for a proper ﬂux
behavior is introduced to treat them in the elastic NN scattering.
There are several methods to describe an inelasticity parameter
(see e.g., [7,11,17]). One of them is to use a complex NN poten-
tial instead of a real-valued one. Below we apply this idea to the
relativistic separable interaction kernel obtained earlier [14,15]. It
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in this Letter and that one used in [11]. The latter considers in-
elasticities in the elastic NN scattering in the intermediate energy
region up to TLab  1 GeV through the production of the  iso-
bar within a one-boson exchange model. We describe inelasticities
in the whole energy range (up to 3 GeV) on a purely phenomeno-
logical ground transforming real lambda parameters of a separable
potential into complex ones. This is a consequence of the separable
approximation chosen to solve the problem. In this case the result-
ing T matrix does not contain any additional cuts in the squared
total momentum complex plane. The inelasticity threshold values
are parameters of the model and are taken from the experiment
for every partial-wave channel. To keep the results for observables
below the inelasticity threshold and have a slight difference above
it, we consider a complex separable interaction kernel of a special
type (Section 3). A procedure which we apply to ﬁnd new imag-
inary interaction kernel parameters is described in Section 4. The
discussion and conclusion are given in Section 5 and Section 6, re-
spectively.
2. Parametrization of the S matrix
In the Letter, we use the Arndt–Roper parametrization [18] of
the elastic NN scattering S matrix. For uncoupled partial-wave
states, at the presence of inelasticity the S matrix is written via
the K matrix as follows:
S = 1− Ki + iKr
1+ Ki − iKr = η exp(2iδ), (1)
where real Kr and imaginary Ki parts of the K matrix (K = Kr +
iKi) are parametrized:
Kr = tan δ, Ki = tan2 ρ, (2)
in terms of the phase shift δ and the inelasticity parameter ρ , re-
spectively, and
η2 = 1+ K
2
r + K 2i − 2Ki
1+ K 2r + K 2i + 2Ki
. (3)
For elastic scattering (ρ = 0), δ = δe , η = 1 and S = Se = exp(2iδe).
3. Complex separable kernel
We assume that the interaction kernel V conserves parity, the
total angular momentum J and its projection, and isotopic spin.
Due to the tensor nuclear force, the orbital angular momentum
L is not conserved. The negative-energy two-nucleon states are
switched off, what leads to the total spin S conservation. The
partial-wave-decomposed BS equation in the center-of-mass sys-
tem of the np pair is, therefore, reduced to the following form:
Tl′l
(
p′0,
∣∣p′∣∣; p0, |p|; s)
= Vl′l
(
p′0,
∣∣p′∣∣; p0, |p|; s)+ i
4π3
∑
l′′
+∞∫
−∞
dk0
∞∫
0
k2 d|k|
× Vl′l′′(p
′
0, |p′|;k0, |k|; s)Tl′′l(k0, |k|; p0, |p|; s)
(
√
s/2− Ek + i)2 − k20
, (4)
where l = l′ = l′′ for spin-singlet and uncoupled spin-triplet states.
The square of the np pair total momentum s is related with the
laboratory energy TLab as: s = 2mTLab + 4m2, m is the mass of the
nucleon. Here indices l, l′ , etc. denote the corresponding partial-
wave state quantum numbers 2S+1Lρ [19]. The quantum numberJρ deﬁnes the positive- (ρ = +) or negative-energy (ρ = −) partial-
wave states. The ρ = − states should be described in the relativis-
tic model in general. They are not considered in this Letter and it
is advisable to emphasize this fact. Therefore, below the explicit
value of ρ is indicated in the notation of considered partial-wave
states.
To describe the inelasticity in the elastic NN scattering, we
modify a real-valued relativistic potential adding an imaginary
part:
Vr → V = Vr + iV i .
To solve Eq. (4), the separable (rank N) ansatz [13] for the NN
interaction kernel is used:
Vl′l
(
p′0,
∣∣p′∣∣; p0, |p|; s)
=
N∑
m,n=1
[
λrmn(s) + iλimn(s)
]
g[l
′]
m
(
p′0,
∣∣p′∣∣)g[l]n (p0, |p|), (5)
where the imaginary part λi has the following form:
λimn(s) = θ(s − sth)
(
1− sth
s
)
λ¯imn, (6)
g[l]n are the model functions, λmn = λrmn + iλimn is a matrix of model
parameters and sth is the inelasticity threshold (the ﬁrst energy
point where the inelasticity becomes nonzero). The phenomeno-
logical factor in Eq. (6), apart from the step function θ , is chosen
to reproduce the inelasticity parameter behavior near the thresh-
old. In this case, the resulting T matrix has a similar separable
form:
Tl′l
(
p′0,
∣∣p′∣∣; p0, |p|; s)=
N∑
m,n=1
τmn(s)g
[l′]
m
(
p′0,
∣∣p′∣∣)g[l]n (p0, |p|),
(7)
where
(
τmn(s)
)−1 = (λrmn(s) + iλimn(s))−1 + hmn(s), (8)
hmn(s) = − i
4π3
∑
l
∫
dk0
∫
k2 d|k| g
[l]
m (k0, |k|)g[l]n (k0, |k|)
(
√
s/2− Ek + i)2 − k20
.
(9)
It should be noted that functions g[l]m and parameters λr coincide
with those used in [14,15] while λi are new parameters which are
calculated.
Separable functions g[l]m used in the representation (5) of the
interaction kernel V are obtained by relativistic generalization of
initially nonrelativistic Yamaguchi-type functions depending on the
3-momentum squared |p|. We introduce the imaginary part V i of
the potential V (5) adding the new parameters λi to the real part
Vr which is left unchanged. Thus, we intend to describe additional
inelasticity parameters by a minimal change of the previous ker-
nels [14,15].
4. Calculations and results
We start from the real-valued interaction kernels obtained by
minimization of the squared derivative function χ2 containing
phase shifts and low-energy characteristics (details can be found
in [14,15]). Then we ﬁx the parameters of the real part (λr , β
and α) and calculate the parameters λi to describe the inelasticity.
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Parameters λ¯i of the rank-two kernel for P partial-wave states.
MYI2
1 P+1 3 P
+
0
3 P+1
λ¯i11 (GeV
4) −0.007097474 97.12885 −0.007617132
λ¯i12 (GeV
4) −0.692547 −114.857 −0.3582908
λ¯i22 (GeV
4) −67.62616 −35.16663 −11.10021
TLabth (GeV) 0.35 0.25 0.35
Table 2
Parameters λ¯i of the rank-three kernel for the 1 S+0 state.
MYI3
λ¯i11 (GeV
2) −0.01332595
λ¯i12 (GeV
2) −89.63644
λ¯i13 (GeV
2) 0.151908
λ¯i22 (GeV
2) −58097.6
λ¯i23 (GeV
2) 2276.805
λ¯i33 (GeV
2) −217.6001
TLabth (GeV) 0.3
The calculation is performed for all available experimental data
for the phase shifts and the inelasticity parameters taken from the
SAID program [20].
A minimization procedure for the function
χ2 =
n∑
m=mth
(
δexp(sm) − δ(sm)
)2
/
(
δexp(sm)
)2
+ (ρexp(sm) − ρ(sm))2/(ρexp(sm))2 (10)
is used for every partial-wave state. Here n is a number of available
experimental points, mth is a number of the data point correspond-
ing to the ﬁrst nonzero ρ value. It is deﬁned by the threshold
kinetic energy TLabth which is taken from the single-energy analy-
sis [20].
Thus, at the given real part of the separable potential the imag-
inary part parameters λi make it possible to describe the inelastic-
ity with a minimal change of the phase shift description.
The parameters λi obtained for P and 1S+0 partial-wave states
are listed in Tables 1 and 2,1 respectively.
In Figs. 1–5, the results of the phase shift and inelasticity pa-
rameter calculations (MYI2, MYI3 – red dashed line) are compared
with the experimental data [20], our previous result without in-
elasticities [14,15] (MY2, MY3 – red solid line; only for phase
shifts) and the SP07 solution [21] (green dashed–dotted line).
5. Discussion
In Fig. 1, we see that the calculations MY2, MYI2 and the so-
lution SP07 give an excellent description of the phase shifts and
two of them (MYI2, SP07) – of the inelasticity parameter for all
available experimental data (up to TLab ∼ 1.1 GeV) for the 1P+1
partial-wave state. However, their behavior differs signiﬁcantly at
higher energies. So, experimental data in a wider energy range are
necessary to make a choice in favor of one of them.
Fig. 2 shows the results of the calculations for the 3P+0 partial-
wave state. All of them (MY2, MYI2, SP07) have demonstrated a
reasonable agreement with the experimental data for the phase
1 We would like to note misprints in Table 1 [14] where λ¯ (GeV4) should be read
as λ¯ (GeV2) for the 3 P+0 partial-wave state and in Table 2 [14] where λ¯ (GeV
2)
should be read as λ¯ (GeV0).Fig. 1. Phase shifts and inelasticity parameter for the 1 P+1 partial-wave state. The
results of calculations with the potentials – real-valued MY2 [14] (red solid line),
complex MYI2 (red dashed line), and the SP07 solution [21] (green dashed–dotted
line) are compared. (For interpretation of the references to color in this ﬁgure leg-
end, the reader is referred to the web version of this Letter.)
Fig. 2. Phase shifts and inelasticity parameter for the 3 P+0 partial-wave state. The
notations are the same as in Fig. 1. (For interpretation of the references to color the
reader is referred to the web version of this Letter.)
shifts in the whole energy range (up to TLab ∼ 3 GeV). The descrip-
tion of the inelasticity parameter is perfect for the MYI2 model and
the SP07 solution except the energy interval TLab ∼ 0.7–1.5 GeV
for MYI2. A behavior of the inelasticity parameter for the 3P+0 state
in this energy range needs a separate discussion. Let us consider
the difference shown in Fig. 3:
η(TLab) =
(
ηMYI2(TLab)
)2 − (ηexp(TLab))2, (11)
which is analyzed using the Breit–Wigner formula:
η(TLab) = C +
∑
i=1,2
(2Ai/π)
Γi
4(TLab − M∗i )2 + Γ 2i
, (12)
where Ai , C are constants, Mi and Γi are the effective mass and
width of the ith resonance, respectively. It is seen that the ob-
tained distribution is in a perfect agreement with η in the con-
sidered energy range. It may be interpreted as a signal of two
dibaryon resonances with masses M∗1 = 2.27 GeV, M∗2 = 2.55 GeV
and widths Γ1 = 0.199 GeV, Γ2 = 1.335 GeV, respectively.
The existence of resonances in a two-nucleon system, in par-
ticular narrow dibaryons, was a subject of intense investigations
(see, for example, [22–28]). Dibaryons can be used as a crucial
argument to decide whether the physics at a few GeV can be en-
tirely explained by baryonic and mesonic degrees of freedom or
additional assumptions, such as quark degrees of freedom, must
be also considered. Over the past 30 years, many obtained experi-
mental data led some groups of physicists to a conclusion that they
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line) may be interpreted as a signal of two dibaryon resonances – with the mass
M∗1 = 2.27 GeV and width Γ1 = 0.199 GeV (blue dashed line), with M∗2 = 2.55 GeV
and Γ2 = 1.335 GeV (blue dashed–dotted line). (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this Letter.)
had observed these structures. However, other physicists made an
opposite conclusion from the same data. Therefore, it is highly
desirable to conﬁrm the existence of these narrow dibaryons, re-
gardless of their origin. The main reason of unceasing debates is
a weakness of dibaryon signals in comparison to a superimposed
physical background of baryons and mesons in an interaction for
masses larger than the pion production threshold mass. It can be
noted that a signal of wide dibaryon resonances can be analyzed if
we know a physical background in a wide energy interval. In our
approach, we have smeared a contribution of many resonances as
a background. In this case a difference between theoretical and
experimental inelasticities can be interpreted as a signal of wide
dibaryon resonances. It should be noted that our results are in an
excellent agreement with results of A.T. Aerts et al. [26] and [27]
where six-quark dibaryons in the 3P+0 partial-wave state were pre-
dicted within the MIT bag model without (Fig. 1, Table IX, M∗1 =
2.24 GeV, M∗2 = 2.56 GeV) and with (Fig. 1, Table V, M∗1 = 2.2 GeV,
M∗2 = 2.558 GeV) orbital excitations, respectively. Of course, it will
be very useful to perform a more precise experimental investiga-
tion of this state at TLab ≈ 0.9 GeV and TLab ≈ 1.6 GeV to improve
a theoretical analysis (maybe to consider a fragmentation of these
resonances). The existence of resonances, nevertheless, seems to
be a compelling feature of the above partial-wave analysis which
is very diﬃcult to be improved within a nonresonance hypothe-
sis. In this connection it will be interesting to study higher angular
momentum partial-wave states (see, for example, [28]).
The phase shifts and the inelasticity parameter for the 3P+1
partial-wave state are depicted in Fig. 4. All results (MY2, MYI2,
SP07) are acceptable in the limits of the experimental errors in the
considered range of energies (up to TLab ∼ 3 GeV). However, MYI2
and SP07 give a different description for the inelasticity parame-
ter. Nevertheless, an uncertainty in the experimental data values
allows us to accept both of them.
The 1S+0 partial-wave state is presented in Fig. 5. It can be
seen that all calculations have shown a perfect agreement with
the measured phase shifts in the whole energy range (up to TLab ∼
3 GeV). The description of the inelasticity parameter by the MYI3
potential and the SP07 solution is also good.
It is seen that the proposed MYIN potentials give a consistent
description of the existing experimental data for the phase shifts
and the inelasticity parameter. It should be noted that since all
parameters of the real-valued separable interaction kernel (λr , β
and α) found in the previous analysis [14,15] have been ﬁxed, theFig. 4. Phase shifts and inelasticity parameter for the 3 P+1 partial-wave state. The
notations are the same as in Fig. 1. (For interpretation of the references to color the
reader is referred to the web version of this Letter.)
Fig. 5. Phase shifts and inelasticity parameter for the 1 S+0 partial-wave state. The
results of calculations with the potentials – real-valued MY3 [14] (red solid line),
complex MYI3 (red dashed line), and the SP07 solution [21] (green dashed–dotted
line) are compared. (For interpretation of the references to color in this ﬁgure leg-
end, the reader is referred to the web version of this Letter.)
phase shifts obtained using the MYN and MYIN models, coincide
up to TLab < TLabth and are slightly different at TLab > TLabth for
all the considered partial-wave states except 1P+1 . The difference
above TLabth is explained by an inﬂuence of the imaginary part λ
i
in the MYIN potential (see Eq. (6)).
6. Conclusion
The proposed complex potentials allow us to describe an inelas-
ticity appearing in the elastic np scattering with increasing energy
of the nucleons. They have been constructed by introduction of
an imaginary part (minimal extension) into the real-valued poten-
tials elaborated earlier [14,15]. The imaginary part parameters have
been found from the description of the experimental data for the
phase shifts and the inelasticity parameters for the laboratory en-
ergy up to 3 GeV.
The deviation of the MYI2 curve from the experimental values
for the inelasticity parameter in the 3P+0 partial-wave state, can be
interpreted as the existence of wide dibaryon resonances.
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